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Objective: Three-dimensional (3D) cultures are widely used to redifferentiate chondrocytes. However, the
rationale behind the choice for 3D above two-dimensional (2D) cultures is poorly systematically
investigated and mainly based on mRNA expression and glycosaminoglycan (GAG) content. The objective
was to determine the differential redifferentiation characteristics of human articular chondrocytes
(HACs) in monolayer, alginate beads and pellet culture by investigating mRNA expression, protein
expression, GAG content and cell proliferation.
Design: Dedifferentiated HACs from six individuals were redifferentiated in identical medium conditions
for 7 days in monolayer, alginate beads or pellet culture. Read-out parameters were expression of
chondrogenic and hypertrophic mRNAs and proteins, GAG content and cell proliferation.
Results: 3D cultures speciﬁcally expressed chondrogenic mRNAs [collagen type II (COL2A1), SRY (sex
determining region Y)-box 9 (SOX9), aggrecan (ACAN)), whereas 2D cultures did not. Hypertrophic
mRNAs (collagen type X (COL10A1), runt-related transcription factor 2 (RUNX2), matrix metal-
loproteinase 13 (MMP13), vascular endothelial growth factor A (VEGFA), osteopontin (OPN), alkaline
phosphatase (ALP)) were highly increased in 2D cultures and lower in 3D cultures. Collagen type I
(COL1A1) mRNA expression was highest in 3D cultures. Protein expression supports most of the mRNA
data, although an important discrepancy was found between mRNA and protein expression of COL2A1
and SOX9 in monolayer culture, stressing on the importance of protein expression analysis. GAG content
was highest in 3D cultures, whereas chondrocyte proliferation was almost speciﬁc for 2D cultures.
Conclusions: For redifferentiation of dedifferentiated HACs, 3D cultures exhibit the most potent chon-
drogenic potential, whereas a hypertrophic phenotype is best achieved in 2D cultures. This is the ﬁrst
human study that systematically evaluates the differences between proliferation, GAG content, protein
expression and mRNA expression of commonly used 2D and 3D chondrocyte culture techniques.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Articular cartilage basically comprises two fractions: a cellular
fraction consisting of articular chondrocytes and an extracellular
matrix (ECM) that is mainly composed of matrix associated water,
collagens, glycosaminoglycans (GAGs) and other glycoproteins. The
ECM determines the articular cartilage-speciﬁc functions as tensileT.J.M. Welting, Department of
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s Research Society International. Pstrength combined with ﬂexibility and resistance to compressive
loads1e4.
Primary human articular chondrocytes (HACs) are enzymatically
released from their cartilage matrix for autologous cell-based ther-
apeutical interventions (e.g., Autologous Chondrocyte Implantation
(ACI)5) as well as for research purposes3,6,7. However, long expansion
time and multiple passaging, which are generally needed to acquire
workable amounts of chondrocytes, lead to “dedifferentiation” of the
isolated chondrocytes. Dedifferentiation of chondrocytes is deﬁned
as the gradual loss of molecular markers that deﬁne a differentiated
chondrocyte. As dedifferentiation progresses, expression of ECM
molecules as GAGs, COL2A1 and ACAN is lost, whilst at the same time
the cells acquire an increased ﬁbroblastic phenotype, characterized
by expression of COL1A18e10.In general chondrocytes are considered
dedifferentiated after an average of about ﬁve monolayer
passages8,11,12. Many investigations reported ways to decelerate theublished by Elsevier Ltd. All rights reserved.
Table I
Primer sequences for RT-qPCR. The 50e30 forward and reverse oligonucleotide
sequences used for RT-qPCR are listed
Oligo sets human Forward Reverse
COL1A1 50-TGTGCCACTCTG
ACTGGAAGA-30
50-AGACTTTGATGG
CATCCAGGTT-30
COL2A1 50-TGGGTGTTCTATT
TATTTATTGTCTTCCT-30
50-GCGTTGGACTCAC
ACCAGTTAGT-30
COL10A1 50-ATGATGAATACAC
CAAAGGCTACCT-30
50-ACGCACACCTGG
TCATTTTCTG-30
ACAN 50-GCAGCTGGGCG
TTGTCA-30
50-TGAGTACAGGAG
GCTTGAGGACT-30
SOX9 50-AGTACCCGCACCTG
CACAAC-30
50-CGCTTCTCGCTC
TCGTTCAG-30
RUNX2 50-TGATGACACTGCCAC
CTCTGA-30
50-GCACCTGCCTG
GCTCTTCT-30
MMP13 50-CTTCACGATGGCATT
GCTGAC-30
50-CGCCATGCTCCT
TAATTCCA-30
ALP 50-GGGCTCCAGAAGCTC
AACAC-30
50-GTGGAGCTGAC
CCTTGAGCAT-30
VEGFA 50-ACGAAGTGGTGAAGT
TCATGGAA-30
50-AAGATGTCCAC
CAAGGTCTCGAT-30
OPN 50-CGGTGCCTGACCCAT
CTC-30
50-TTTCTTCAGAGGA
CACAGCATTC-30
28S rRNA 50-GCCATGGTAATCCTGC
TCAGTAC-30
50-GCTCCTCAGCCAA
GCACATAC-30
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with several different growth factors13e17, varying with cell
density18e21 or creating more “cartilage-like” culture conditions,
such as hypoxic and hypertonic environments22,23. Other studies
report the “redifferentiation” of dedifferentiated articular chon-
drocytes by speciﬁc culture conditions, resulting in regain of
a differentiated chondrocyte phenotype and re-expression of carti-
lage marker molecules24e26. Generally, the cellular context is
regarded as one of themost important contributors to redifferentiate
articular chondrocytes. Conventional two-dimensional (2D) mono-
layer cultures are regarded as unsuitable, as monolayer expansion of
articular chondrocytes does not support the chondrogenic pheno-
type during passaging. Instead, is well accepted that high cell density
three-dimensional (3D) cultures favor the maintenance of the
chondrocyte phenotype and support redifferentiation of dediffer-
entiated articular chondrocytes3. 3D cultures are performed by
embedding chondrocytes in agarose27e29, ﬁbrin glue27e31, alginate
beads32e34, synthetic polymer gels or compressing into pellets by
centrifugation12,16. Although 3D redifferentiation techniques are
almost exclusively used instead of 2D approaches, comparative
analyses between 2D and 3D redifferentiation approaches, to
support the rationale behind the choice for a speciﬁc culture system,
are hardly available. Also, although protein expression is the most
valuable readout for functional gene expression, previous studies
have hardly determined quantitative protein expression as a read-
out parameter to compare the chondrogenic properties of different
culture systems12,35,36.
The aim of this study was to compare the chondrogenic char-
acteristics of commonly used 3D redifferentiation culture tech-
niques for HACs (alginate beads and pellet culture) with
a conventional 2D monolayer approach with high cell density. The
chondrogenic capacities of these redifferentiation systems were
compared at 7 days in differentiation based on gene expression of
chondrogenic and hypertrophic/mineralization markers, as well as
protein expression of a subset of these markers. Finally, GAG
content and the proliferative capacity of redifferentiating chon-
drocytes were addressed in the selected culture systems.
Materials and methods
HAC isolation and culture
Chondrocytes were obtained from the unaffected regions of
osteoarthritic (OA) cartilage from total knee arthroplasty (medical
ethical committee (MEC) approval 08-4-028). Cartilagewas separated
from the subchondral bone and cut into small pieces using a sterile
surgical blade. Cartilage pieces were digested overnight at 37C in
collagenase type II solution (300 U/ml in HEPES buffered Dulbecco’s
ModiﬁedEagleMedium(DMEM)/F12 supplementedwith antibiotics)
under continuous agitation. The preparation was rinsed with 0.9%
NaCl over a 70 mmcell strainer and plated in culture ﬂasks. Cells were
cultured in a humidiﬁed atmosphere at 37C, 5% CO2 and after
reaching conﬂuency the cells were continuously passaged 1:2 until
passage 5. Culture medium consisted of DMEM/F12 (Invitrogen), 10%
fetal calf serum (FCS) (PAA), 1% antibiotic/antimycotic (Invitrogen)
and 1% non-essential amino acids (NEAA) (Invitrogen). Chondrogenic
redifferentiation was performed with passage 5 cells from six indi-
viduals and each isolatewas redifferentiated inmonolayer, pellet and
alginate culture. For monolayer the cells were plated 1 day prior to
start of differentiation at a density close to conﬂuency (30,000 cells/
cm2) to mimic the high cell density known from 3D cultures. Chon-
drogenic differentiation was initiated by changing to differentiation
medium (DMEM/F12, 1% antibiotic/antimycotic and 1% NEAA sup-
plemented with 1% insulin-transferrin-sodium selenite medium
supplement (ITS) (Invitrogen), 1% L-ascorbic acid-2-phosphate(SigmaeAldrich) and 10 ng/ml transforming growth factor beta 3
(TGFb3) (R&D))13,14,37. For pellet culture redifferentiation, 300,000
cells per pellet were centrifuged at 120g in conical tubes in differ-
entiationmedium (see above). The tubeswere placed in a humidiﬁed
atmosphere at 37C, 5% CO2 with the lid opened, after 2 days the
pellets were transferred (three pellets per well) to uncoated 25-wells
plates (Corning) and further allowed to differentiate. For alginate
culture the cells were suspended in a sterile alginate solution (1.2%
low viscosity alginate (Sigma) in 0.9% NaCl; 4,000,000 cells/ml) and
dropsof this solutionwere carefully dispensed ina coldCaCl2 solution
(102mM) using a 21 gauge needle. After 10 min the alginate beads
werewashed in 0.9%NaCl and transferred to standard sixwell culture
dishes (10 beads per well) and cultured in differentiation medium.
Differentiationmediumwas changedevery 2days for all three culture
methods. Cells were harvested for RNA and protein analysis at day 7
in redifferentiation (see below).RT-qPCR
For RNA isolation, monolayer cells and pellets were washed
three times with 0.9% NaCl and disrupted with 500 ml Trizol. Algi-
nate beads were ﬁrst dissolved in ice cold citrate buffer, centrifuged
and the cell pellet was then dissolved in Trizol (Invitrogen). RNA
isolation, RNA quantiﬁcation by ultra violet (UV)-spectrometry
(Nanodrop, Thermo Scientiﬁc), and cDNA synthesis were per-
formed as described before38. Real time quantitative PCR (RT-qPCR)
was performed using Mesagreen qPCR mastermix plus for SYBR
Green (Eurogentec, Seraing, Belgium). An Applied Biosystems ABI
PRISM 7700 Sequence Detection Systemwas used for ampliﬁcation
using the following protocol: initial denaturation at 95C for 10 min,
followed by 40 cycles of DNA ampliﬁcation (denaturing for 15 s at
95C and annealing for 1 min at 60C) followed by a dissociation
curve. Datawere analyzed using the standard curve method, mRNA
expressionwas normalized to 28S rRNA as a housekeeping gene and
gene expressionwas calculated as fold increase as compared to day
0 (t¼ 0 in graphs). Primer sequences are depicted in Table I.Immunoblotting
Cells or pellets were washed three times with 0.9% NaCl and
lysed in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% Sodium
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0.5 mM dithiothreitol and 1 mM phenylmethylsulfonyl ﬂuoride).
Alginate beads were ﬁrst dissolved in ice cold citrate buffer,
centrifuged and the cell pellet was then lysed in RIPA buffer. For all
samples the same volume of RIPA buffer was used. Extracts were
sonicated on ice using the Soniprep 150 (MSE, London, UK) at
amplitude 10 for 14 cycles (1 s sonication and 1 s pause). Insoluble
material was removed by centrifugation (13,000g, 4C). Protein
concentration was determined using the bicinchoninic acid (BCA)
protein assay (SigmaeAldrich). Polypeptides were separated by
SDS-PAGE (samples were equally loaded) and subsequently trans-
ferred to nitrocellulose membranes by electroblotting. Primary
antibodies for immunodetectionwere polyclonal goat anti-COL2A1
and polyclonal goat anti-COL1A1 (Southern Biotech, Birmingham,
AL, USA), polyclonal rabbit anti-COL10A1 (Calbiochem, Darmstadt,
Germany), polyclonal goat anti-SOX9 (Abcam, Cambridge, UK),
mouse monoclonal anti-RUNX2 (MBL, Woburn, MA, USA) and
mouse monoclonal anti-a-Tubulin (SigmaeAldrich, Saint Louis,
MO, USA). Bound primary antibodies were detected with rabbit
anti-goat, swine anti-rabbit or rabbit anti-mouse immunoglobulins
conjugated with horseradish peroxidase (DakoCytomation,
Glostrup, Denmark) and visualized by enhanced chem-
iluminescence (ECL). ECL signals were quantiﬁed using ImageJ 1.46f
software.
DNA quantiﬁcation
DNA concentration in RIPA samples from day 0 and day 7 was
determined using SYBR Green I Nucleic Acid stain (Invitrogen). A
serially diluted standard curve of genomic control DNA (calf thymus,
Invitrogen) in TE buffer (10 mM Tris/HCl pH 8.0, 1 mM EDTA) was
included to quantify the DNA concentration in the samples. Before
measurement, RIPA samples were diluted in TE buffer (1 ml RIPA
sample and 99 ml TE buffer) and standards were prepared (99 ml
standard in TE and 1 ml RIPA buffer). SYBRGreenwas diluted 10,000
times in TE buffer and 100 ml of this solution was added to 100 ml of
the above prepared samples or standards. Fluorescence was deter-
mined in standard 96 wells ELISA plates in a Spectramax M2 micro-
plate reader (Molecular Devices): excitation 488 nm and emission
522 nm. DNA concentration was determined using the standard
curve and fold increase of the DNA content was calculated relatively
to the average concentration value at day 0 in differentiation.
Total GAG quantiﬁcation
Total sulfated GAG content was determined in RIPA samples from
day 0 and day 7 cultures by using 1,9-dimethylmethylene blue (DMB;
Polysciences). A standard curve of chondroitin sulfate
(SigmaeAldrich) in PBS-EDTA (0.1 M Na2HPO4, 0.01 M Na2EDTA, pH
6.5) was included to determine the GAG concentration in the
samples. One hundred microliter diluted RIPA sample (5 ml RIPA
sample and 95 ml PBS-EDTA) or standard (95 ml standard and 5 ml
RIPA)was added to 200 ml DMB solution (46 mMDMB in 40mMNaCl,
0.4 M glycine pH 3.0), and the extinctions were determined spec-
trophotometrically at both 595 nm and 540 nm39,40. GAG content
was determined using the generated standard curve, corrected for
DNA content (see above) and expressed as mg GAG/ng DNA.
Statistics
Statistical signiﬁcance (P< 0.05) was determined by two-tailed
student t tests [paired for Figs. 1 and 3, unpaired with Welch’s
correction for Fig. 2(D)] using Graphpad PRISM 5.0 (La Jolla, CA,
USA). To test for normal distribution of the input data,
D’AgostinoePearson omnibus normality tests were performed. Allquantitative data sets presented here passed the normality tests.
Error bars in dot plots represent mean 95% conﬁdence interval. In
the dot plots P-values are presented for every statistical calculation.Results
Gene expression during chondrogenic redifferentiation in 2D and 3D
culture
Dedifferentiated HACs were redifferentiated in 2D monolayer
(n¼ 6 individuals) or in 3D alginate beads (n¼ 6 individuals) or
pellet cultures (n¼ 6 individuals) for 7 days under identical
medium conditions. To assess the level of chondrogenic rediffer-
entiation, induction of COL2A1, ACAN and SOX9 mRNA expression
was determined compared to t¼ 0 [Fig. 1(A)]41. Gene expression
data reveal the induction of COL2A1 and ACAN mRNAs in both 3D
systems. In monolayer redifferentiation however, the expression of
these markers was not induced as compared to t¼ 0. Although not
signiﬁcantly different, induction of COL2A1 and ACAN was slightly
higher in alginate beads than in pellets. In line with the data above,
no SOX9 mRNA induction was detected in monolayer-
redifferentiated chondrocytes. In contrast, alginate beads and
pellet culture supported the induction of SOX9, although the algi-
nate beads supported a much higher induction of SOX9 compared
to pellet culture redifferentiation.
Redifferentiation of HACs might induce expression of hyper-
trophic and mineralization markers41. As shown in Fig. 1(B),
Collagen type X (COL10A1), RUNX2 and ALP mRNAs were highly
induced in monolayer cultures after 7 days. Although signiﬁcantly
lower than in monolayer, COL10A1 and RUNX2 induction was also
found in both 3D cultures. Expression of MMP13, VEGFA and OPN
differed from the other above hypertrophic/mineralization
markers. MMP13 induction was found in monolayer and pellet
culture, but was hardly induced in alginate beads. In contrast,
induction of VEGFA was found to be the highest in pellet culture
and for OPN similar induction characteristics were found. In 2D
cultures COL1A1 is only marginally induced as was the case for
pellet cultures [Fig. 1(C)]. COL1A1 expression was substantially
higher in alginate beads, indicating ﬁbrocartilaginous rediffer-
entiation in this culture system.
Overall the gene expression data indicate that redifferentiation
of dedifferentiated HACs in 2D and 3D culture systems results in
different redifferentiated chondrocyte phenotypes from which the
3D systems support chondrogenic differentiation the best, whereas
the 2D monolayer system gives rise to induction of hypertrophic/
mineralization markers.Protein expression during chondrogenic redifferentiation in 2D and
3D culture
In general, the majority of previously published work on redif-
ferentiation of dedifferentiated chondrocytes uses mRNA expres-
sion and GAG content as the major determinant to investigate
chondrogenic redifferentiation of HACs. However, it is well known
that protein expression not always faithfully follows mRNA
expression. Taking this fact into account we concluded that inves-
tigating mRNA expression alone does not provide enough infor-
mation to truly compare the characteristics of the herein tested 2D
and 3D culture systems for chondrogenic redifferentiation of HACs.
Therefore, COL2A1, SOX9, COL1A1, COL10A1 and RUNX2 protein
expression was measured in similar samples as described above.
The results of the immunoblot analyses are shown in Fig. 2(A)
(monolayer), Fig. 2(B) (alginate beads) and Fig. 2(C) (pellets).
Quantitative data of immunoblots are presented in Fig. 2(D).
Fig. 1. RT-qPCR analysis of dedifferentiated HACs after redifferentiation in 2D and 3D culture systems. Dedifferentiated HACs (n¼ 6 individuals) were redifferentiated in 2D
monolayer or 3D alginate beads or pellet culture using identical medium conditions. Relative induction of gene expression was determined at day 7 in redifferentiation as compared
to day 0. (A) Induction of mRNAs of the chondrogenic genes COL2A1, SOX9 and ACAN was determined. (B) Similar to (A) but here relative induction of hypertrophic/mineralization
markers COL10A1, RUNX2, MMP13, VEGFA, OPN and ALP was determined. (C) Similar to (A) but now the ﬁbrotic marker COL1A1 was determined. In all graphs dots represent the
average value of three technical repeats per HAC isolate (n¼ 6 individual donors). Statistics were calculated for these n¼ 6 and error bars represent mean 95% conﬁdence interval.
Statistical signiﬁcant P-values (P< 0.05) are shown in bold/italic.
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COL2A1 protein expression was found to be induced in all three
culture systems. Interestingly, induction of COL2A1 protein
expression in monolayer culture was found to be equally high as in
alginate beads and higher as in pellet cultures. Induction of SOX9
protein expression was also found in all three culture systems with
no signiﬁcant differences between the different redifferentiationprotocols, which is again in sharp contrast with mRNA expression
data. In line with the gene expression analyses of hypertrophic
markers above, COL10A1 and RUNX2 protein expression was
induced in all systems, with monolayer presenting a signiﬁcantly
higher induction of COL10A1 and RUNX2 protein expression as
compared to the 3D culture systems. Finally, induction of COL1A1
protein expression was also found in all three systems, revealing
Fig. 2. Immunoblot analysis of dedifferentiated HACs after redifferentiation in 2D and 3D culture systems. HACs (n¼ 6 individuals) were redifferentiated in monolayer, alginate
beads or pellet culture. Protein expression of a subset of the genes from Fig. 1 (COL2A1, COL10A1, COL1A1, SOX9, RUNX2) was determined at day 7 in redifferentiation as compared to
day 0. (A) Protein expression of HACs redifferentiated in 2D monolayer culture. (B) Protein expression of HACs redifferentiated in 3D alginate beads. (C) Protein expression of HACs
redifferentiated in 3D pellet cultures. a-Tubulin was used as housekeeper. Quantiﬁcations of ECL signals (corrected for the complementary a-Tubulin signals and relatively to t¼ 0)
are depicted on top of all immunoblots. In immunoblots COL2A1 runs at 120 kDa; COL10A1 at 180 kDa; COL1A1 at 130 kDa; SOX9 at 60 kDa; RUNX2 at 66 kDa (lower band). (D)
Graphs of immunoblot quantiﬁcations from (A) to (C). Each dot represents the determined value for each of the individual HAC isolates (n¼ 6) and error bars represent mean 95%
conﬁdence interval. Statistical signiﬁcant P-values (P< 0.05) are shown in bold/italic.
Fig. 3. GAG content and DNA induction in redifferentiated HACs. Dedifferentiated HACs (n¼ 6 individuals) were redifferentiated in monolayer, alginate beads or pellet culture, using
identical medium conditions. (A) Total GAG content was determined in day 0 and day 7 samples. To correct for cells numbers, GAG content was normalized to total DNA. (B) The
DNA content used in (A) to correct GAG content is shown to determine cell proliferation. DNA induction was calculated relative to DNA content in day 0 samples. In the graphs dots
represent the average value of three technical repeats per HAC isolate (n¼ 6 individual donors). Statistics were calculated for these n¼ 6 and error bars represent mean 95%
conﬁdence interval. Statistical signiﬁcant P-values (P< 0.05) are shown in bold/italic.
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pellet cultures as compared to monolayer. Generally these protein
expression data conﬁrm the gene expression data that were
derived from the different redifferentiation methods, albeit 2D
redifferentiation provided some interesting contradictions when
gene expression was compared to protein expression.
Total GAG content and cell proliferation during chondrogenic
redifferentiation in 2D and 3D cultures
Besides expression of chondrogenic transcription factors and
extracellular proteins, GAG synthesis is an important hallmark of
chondrogenic differentiation. As can be seen in Fig. 3(A), monolayer
redifferentiation did not support the synthesis of GAGs more than
was already synthesized by the dedifferentiated chondrocytes at
t¼ 0. Both 3D systems however allowed increased GAG content per
cell as a result of the redifferentiation process. Notably, although
seeded at close to 100% conﬂuency, the monolayer redifferentiation
culture allowed an almost 4-fold increase in cell numbers [deter-
mined by DNA content; Fig. 3(B)], whereas cell numbers did hardly
(alginate) or not (pellet) increase in both 3D systems. Taken
together these data show that not all culture systems supported the
synthesis of GAGs and differentially allow cell proliferation.
Discussion
It is well established that expansion of isolated articular chon-
drocytes using conventional monolayer passaging leads to loss of
the chondrogenic phenotype and results in an overall ﬁbroblast-
like phenotype3,8e10. This phenomenon is called dedifferentiation
and for cartilage regenerative applications and chondrocyte studies
this adverse phenomenon is avoided by using the isolated chon-
drocytes in relatively early passages (when cells are not (fully)
dedifferentiated yet) or induce redifferentiation by means of
selected medium supplements (e.g., ascorbic acid, TGFb isoforms,
insulin, transferrin, selenite13,14,37,42 and others). Both methods are
generally combined with 3D culture approaches that mimic the
cartilage environment3. As 2D monolayer passaging does not
support maintenance of the chondrogenic phenotype, this culture
method is generally regarded as unsuitable for redifferentiation.
Bernstein and colleagues compared the redifferentiation charac-
teristics of dedifferentiated porcine chondrocytes in differentculture models43. However, to the best of our knowledge no study
reported on the comparison between 2D and 3D culture methods
for the redifferentiation of human dedifferentiated chondrocytes.
Thereby our study contributes to the understanding how these
culture methods differentially determine the outcome of in vitro
chondrogenic redifferentiation and may provide a rational behind
the choice for one or the other culture system when addressing
different research questions. As strikingly little evidence is available
in the literature supporting human chondrocyte redifferentiation
on the protein level35, an important additional aspect of our study
is the inclusion of immunoblot detection to determine expression
of important chondrogenic markermolecules. Overall these protein
expression data support the results from mRNA expression anal-
yses, however show some remarkable contradicting results
speciﬁcally for the monolayer redifferentiation cultures.
In general, 3D chondrocyte culture methods allow the cells to
differentiate for a very long time (generally between 14 and 28
days). Our primary focus was to address the early chondrogenic
capacity of the three herein selected culture methods. As terminal
chondrocyte differentiation is more likely to progress at late
timepoints in differentiationwe decided to allow differentiation for
7 days only. It should be noted though, that it is expected that
redifferentiationwill further progress after 7 days and the results of
our study may not conclusively reﬂect chondrogenic expression
proﬁles in late redifferentiation. Indeed, both 3D culture methods
showed mRNA induction of chondrogenic markers such as COL2A1,
ACAN and SOX9, whereas gene induction of hypertrophic markers
(COL10A1, ALP, RUNX2) remained relatively low. This is in sharp
contrast withmonolayer redifferentiation inwhich we found a very
high expression of the above mentioned hypertrophic markers,
associated with little chondrogenic capacity as concluded from
COL2A1, ACAN and SOX9 mRNA induction. This ﬁnding suggests
that monolayer redifferentiation supports a more chondrocyte
hypertrophic phenotype as compared to 3D culture conditions.
Protein expression analysis of hypertrophic markers COL10A1 and
RUNX2 supports the gene expression data from all three culture
methods. For chondrogenic markers, protein expression data from
alginate and pellet culture support the results of their respective
gene expression analyses. However, monolayer-redifferentiated
chondrocytes show contradicting results between mRNA and
protein expression speciﬁcally for COL2A1 and SOX9 induction. A
similar observation has previously been described for COL2A136.
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induced in monolayer, COL2A1 and SOX9 proteins are expressed in
monolayer culture. Notably, the magnitude of COL2A1 and SOX9
protein induction in monolayer was not signiﬁcantly different from
alginate or pellet culture. In general, discrepancies between mRNA
and protein expression can be the result of posttranscriptional
regulation of the mRNA, as well as differences in mRNA and protein
turnover rates44. Mechanistically, induction of protein expression
can be the result of two different pathways. Firstly, induction of
mRNA expression and subsequently translation of this mRNA into
functional protein. The other mechanism omits the induction of
mRNA expression, but instead only translates the cellular pool of
the given mRNA into protein. This latter mechanism might be
dominant in the monolayer redifferentiation cultures. A possible
explanationwhy this was speciﬁcally observed in monolayer might
be found in the high hypertrophic nature of monolayer rediffer-
entiation, which is not likely to support (SOX9 dependent) chon-
drogenic redifferentiation. Under these hypertrophic conditions,
SOX9 and COL2A1 mRNA may not be transcribed de novo, but
a remainder pool of SOX9 and COL2A1 mRNAs in the dediffer-
entiated HACs could still be translated. Indeed we found that SOX9
and COL2A1 mRNAs are still detectable in dedifferentiated HACs
(data not shown). However, currently we cannot explain how the
induction of SOX9 protein in monolayer does not lead to induction
of COL2A1 mRNA. A dysfunctional nuclear translocation of SOX9
could explain this phenomenon45,46.
Nevertheless, although COL2A1 and SOX9 proteins were equally
induced in all three culture models, the alginate and pellet cultures
showed the lowest levels of COL10A1 and RUNX2 protein induction
and at the same time the highest induction of total GAG synthesis.
This supports the conclusions drawn from the mRNA expression
data discussed above and of previous work47, indicating that 3D
chondrocyte culture displays a high chondrogenic potential,
whereas we here additionally show that monolayer is inducing
a more chondrocyte hypertrophic phenotype in these cells. A
mechanism behind the predominantly monolayer-associated
hypertrophic phenotype remains to be determined. Reoxygena-
tion of hypoxic proliferating growth plate chondrocytes from the
subchondral compartment is one of the mechanisms partaking in
growth plate chondrocyte hypertrophic differentiation48,49. Also
in vitro there is ample evidence that oxygen tension is a major
determining factor in chondrocyte hypertrophic differentia-
tion48,50. 3D chondrocyte cultures may have limited oxygen avail-
ability due to limitations in oxygen transport/diffusion throughout
the 3D structure, whereasmonolayer culturesmay have the highest
oxygen availability of the three herein tested culture systems.
Consequently, this might provide an explanation for the
monolayer-associated hypertrophic phenotype.
With regard to the other hypertrophy-associated markers
(MMP13, VEGFA and OPN41) some interesting observations were
made that are not completely in line with the above hypertrophic
COL10A1, RUNX2 and ALP mRNA expression data. MMP13, OPN and
VEGFA mRNAs are not only expressed in monolayer but are also
remarkably high induced in pellet cultures, which in contrast with
the almost absence of COL10A1, RUNX2 and ALPmRNA induction in
pellet cultures. The pellet cultures induced COL2A1, SOX9 and
ACAN mRNAs to a lesser extent than alginate; this could possibly
relate to the relative high induction of MMP13, VEGFA and OPN
mRNAs in this culture system.
Another interesting ﬁnding is that the induction of COL1A1
mRNA and protein, associated with a more ﬁbrocartilaginous
phenotype, was the highest in alginate cultures. In contrast,
monolayer-redifferentiated chondrocytes were found to be the
lowest inducers of COL1A1 mRNA and protein. This is in contrast
with the ﬁndings by Bernstein and colleagues43, who found thatredifferentiation of dedifferentiated porcine chondrocytes in
monolayer resulted in relatively high COL1A1 mRNA levels as
compared to other culture systems. Possibly the osteoarthritic
nature of our cell source may be a factor in the ﬁbrotic outcome of
our alginate cultures51. It remains however a remarkable observa-
tion that this was speciﬁcally found for the alginate cultures that, in
general, seem to support the highest chondrogenic capacity during
redifferentiation. It is therefore likely that differences in technical
procedures between our study and previous work43 may provide
a basis for the observed differences in experimental results;
different alginate types were used as well as different compositions
of the chondrogenic culture medium.
As a crucial component of the redifferentiation medium we
supplemented our cultures with 10 ng/ml TGFb3. Previous research
reported that the use of one or the other TGFb isoform (TGFb1, -2,
-3) has no differential inﬂuence on the outcome of the chondro-
genic differentiation of human mesenchymal progenitor cells52,53.
However Cals et al. reported that in the presence of mineralizing
medium supplements (e.g., b-glycerophosphate), TGFb3 gives rise
to a more mineralized cartilage phenotype, as compared to other
TGFb isoforms53. Although we did not add such mineralizing
components, the speciﬁc use of TGFb3 could explain the relative
high induction of mineralization markers in all three culture
systems. However, it remains unclear why monolayer culture
speciﬁcally provokes the highest expression of these markers.
In agreement with previous studies34, we found that cell
numbers increased the highest in the 2D monolayer rediffer-
entiation cultures, even though the differentiation medium was
deprived from serum and the cells were seeded at close to 100%
conﬂuency. Both 3D cultures showed no such high increase in cell
numbers. Physical limitations of the 3D cultures to support cell
proliferation could explain the absence of increase in DNA content,
as opposed to monolayer culture. Interestingly, as the appearance
of clonal populations of proliferating chondrocytes is a hallmark of
early osteoarthritis54e56, this predominantly monolayer-speciﬁc
property might add to preferable characteristics for a cell culture
model to investigate osteoarthritis-associated processes.
In summary, we compared the redifferentiation characteristics
of dedifferentiated HACs in three different cell models (monolayer,
alginate beads and pellet culture). In addition to commonly used
mRNA expression analysis, for the ﬁrst time we herein report
protein expression analyses to compare the redifferentiation
characteristics of chondrocytes. Overall these protein data support
gene expression data, although an important discrepancy was
found between mRNA and protein expression of COL2A1 and SOX9
in monolayer culture, stressing on the importance of protein
expression analyses in this culture system. Furthermore, both 3D
cultures were found to exhibit the highest chondrogenic capacity,
whereas monolayer redifferentiation appears to result in expres-
sion of hypertrophic and mineralization markers and as such this
model might be used for complementary studies addressing
hypertrophic differentiation of chondrocytes.
Authors’ contributions
1. Conception and design: MMJC, TJMW, PJE, LWR.
Collection and assembly of data: MMJC, MMEC, LV, DAMS,
AC.
Analysis and interpretation of the data: MMJC, PJE, TJMW.
2. Drafting the article: MMJC, TJMW, PJE.
Critical revision of the article for important intellectual
content: MMJC, PJE, MMEC, LV, DAMS, AC, LWR, TJMW.
3. Final approval of the article: MMJC, PJE, MMEC, LV, DAMS, AC,
LWR, TJMW.
Provision of study materials: PJE, LWR.
M.M.J. Caron et al. / Osteoarthritis and Cartilage 20 (2012) 1170e1178 1177Obtaining of funding: TJMW, PJE, LWR.
Responsible authors for integrity of the study: TJMW (t.
welting@maastrichtuniversity.nl) and MMJC (marjolein.
caron@maastrichtuniversity.nl).Role of funding source
This work is ﬁnancially supported by the Dutch Arthritis Associa-
tion (grant LLP14) and the Dutch Stichting Annafonds (grants 07/07
and 08/42). Study sponsors had no involvement in study design,
collection, analysis and interpretation of data; the writing of the
manuscript or in the decision to submit the manuscript for
publication.
Conﬂict of interest
All authors state that they have no conﬂicts of interest.
Acknowledgments
This work is ﬁnancially supported by the Dutch Arthritis Asso-
ciation (grant LLP14) and the Dutch Stichting AnnafondsjNOREF
(grants 07/07 and 08/42).
References
1. Buckwalter JA, Mankin HJ. Articular cartilage: tissue design
and chondrocyte-matrix interactions. Instr Course Lect
1998;47:477e86.
2. Hasler EM, Herzog W, Wu JZ, Muller W, Wyss U. Articular
cartilage biomechanics: theoretical models, material proper-
ties, and biosynthetic response. Crit Rev Biomed Eng
1999;27:415e88.
3. Lin Z, Willers C, Xu J, Zheng MH. The chondrocyte: biology and
clinical application. Tissue Eng 2006;12:1971e84.
4. Poole AR, Kojima T, Yasuda T, Mwale F, Kobayashi M, Laverty S.
Composition and structure of articular cartilage: a template for
tissue repair. Clin Orthop Relat Res 2001:S26e33.
5. Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O,
Peterson L. Treatment of deep cartilage defects in the knee
with autologous chondrocyte transplantation. N Engl J Med
1994;331:889e95.
6. Harrison PE, Ashton IK, Johnson WE, Turner SL, Richardson JB,
Ashton BA. The in vitro growth of human chondrocytes. Cell
Tissue Bank 2000;1:255e60.
7. Manning WK, Bonner Jr WM. Isolation and culture of chon-
drocytes from human adult articular cartilage. Arthritis Rheum
1967;10:235e9.
8. Benya PD, Padilla SR, Nimni ME. Independent regulation of
collagen types by chondrocytes during the loss of differenti-
ated function in culture. Cell 1978;15:1313e21.
9. Mayne R, Vail MS, Mayne PM, Miller EJ. Changes in type of
collagen synthesized as clones of chick chondrocytes grow and
eventually lose division capacity. Proc Natl Acad Sci U S A
1976;73:1674e8.
10. von der Mark K, Gauss V, von der Mark H, Muller P. Rela-
tionship between cell shape and type of collagen synthesised
as chondrocytes lose their cartilage phenotype in culture.
Nature 1977;267:531e2.
11. Kang SW, Yoo SP, Kim BS. Effect of chondrocyte passage
number on histological aspects of tissue-engineered cartilage.
Biomed Mater Eng 2007;17:269e76.
12. Schulze-Tanzil G, de Souza P, Villegas Castrejon H, John T,
Merker HJ, Scheid A, et al. Redifferentiation of dedifferentiated
human chondrocytes in high-density cultures. Cell Tissue Res
2002;308:371e9.13. Chua KH, Aminuddin BS, Fuzina NH, Ruszymah BH. Insuline
transferrineselenium prevent human chondrocyte dediffer-
entiation and promote the formation of high quality tissue
engineered human hyaline cartilage. Eur Cell Mater
2005;9:58e67. discussion 67.
14. Mandl EW, Jahr H, Koevoet JL, van Leeuwen JP, Weinans H,
Verhaar JA, et al. Fibroblast growth factor-2 in serum-free
medium is a potent mitogen and reduces dedifferentiation of
human ear chondrocytes in monolayer culture. Matrix Biol
2004;23:231e41.
15. Martin I, Vunjak-Novakovic G, Yang J, Langer R, Freed LE.
Mammalian chondrocytes expanded in the presence of ﬁbro-
blast growth factor 2 maintain the ability to differentiate and
regenerate three-dimensional cartilaginous tissue. Exp Cell
Res 1999;253:681e8.
16. Stewart MC, Saunders KM, Burton-Wurster N, Macleod JN.
Phenotypic stability of articular chondrocytes in vitro: the
effects of culture models, bone morphogenetic protein 2, and
serum supplementation. J Bone Miner Res 2000;15:166e74.
17. van Osch GJ, Marijnissen WJ, van der Veen SW, Verwoerd-
Verhoef HL. The potency of culture-expanded nasal septum
chondrocytes for tissue engineering of cartilage. Am J Rhinol
2001;15:187e92.
18. Kuettner KE, Memoli VA, Pauli BU, Wrobel NC, Thonar EJ,
Daniel JC. Synthesis of cartilage matrix by mammalian chon-
drocytes in vitro. II. Maintenance of collagen and proteoglycan
phenotype. J Cell Biol 1982;93:751e7.
19. Kuettner KE, Pauli BU, Gall G, Memoli VA, Schenk RK. Synthesis
of cartilage matrix by mammalian chondrocytes in vitro. I.
Isolation, culture characteristics, and morphology. J Cell Biol
1982;93:743e50.
20. Mandl EW, van der Veen SW, Verhaar JA, van Osch GJ.
Multiplication of human chondrocytes with low seeding
densities accelerates cell yield without losing redifferentiation
capacity. Tissue Eng 2004;10:109e18.
21. Watt FM. Effect of seeding density on stability of the differ-
entiated phenotype of pig articular chondrocytes in culture.
J Cell Sci 1988;89(Pt 3):373e8.
22. Murphy CL, Thoms BL, Vaghjiani RJ, Lafont JE. Hypoxia. HIF-
mediated articular chondrocyte function: prospects for carti-
lage repair. Arthritis Res Ther 2009;11:213.
23. van der Windt AE, Haak E, Das RH, Kops N, Welting TJ,
Caron MM, et al. Physiological tonicity improves human
chondrogenic marker expression through nuclear factor of
activated T-cells 5 in vitro. Arthritis Res Ther 2010;12:R100.
24. Elima K, Vuorio E. Expression of mRNAs for collagens and
other matrix components in dedifferentiating and redifferen-
tiating human chondrocytes in culture. FEBS Lett
1989;258:195e8.
25. Liu H, Lee YW, Dean MF. Re-expression of differentiated
proteoglycan phenotype by dedifferentiated human chon-
drocytes during culture in alginate beads. Biochim Biophys
Acta 1998;1425:505e15.
26. Tallheden T, Karlsson C, Brunner A, Van Der Lee J, Hagg R,
Tommasini R, et al. Gene expression during redifferentiation of
human articular chondrocytes. Osteoarthritis Cartilage
2004;12:525e35.
27. Aulthouse AL, Beck M, Griffey E, Sanford J, Arden K,
Machado MA, et al. Expression of the human chondrocyte
phenotype in vitro. In Vitro Cell Dev Biol 1989;25:659e68.
28. Benya PD, Shaffer JD. Dedifferentiated chondrocytes reexpress
the differentiated collagen phenotype when cultured in
agarose gels. Cell 1982;30:215e24.
29. Buschmann MD, Gluzband YA, Grodzinsky AJ, Kimura JH,
Hunziker EB. Chondrocytes in agarose culture synthesize
M.M.J. Caron et al. / Osteoarthritis and Cartilage 20 (2012) 1170e11781178a mechanically functional extracellular matrix. J Orthop Res
1992;10:745e58.
30. Perka C, Schultz O, Lindenhayn K, Spitzer RS, Muschik M,
Sittinger M, et al. Joint cartilage repair with transplantation of
embryonic chondrocytes embedded in collageneﬁbrin
matrices. Clin Exp Rheumatol 2000;18:13e22.
31. Perka C, Spitzer RS, Lindenhayn K, Sittinger M, Schultz O.
Matrix-mixed culture: new methodology for chondrocyte
culture and preparation of cartilage transplants. J Biomed
Mater Res 2000;49:305e11.
32. Hauselmann HJ, Fernandes RJ, Mok SS, Schmid TM, Block JA,
Aydelotte MB, et al. Phenotypic stability of bovine articular
chondrocytes after long-term culture in alginate beads. J Cell
Sci 1994;107(Pt 1):17e27.
33. Hauselmann HJ, Masuda K, Hunziker EB, Neidhart M, Mok SS,
Michel BA, et al. Adult human chondrocytes cultured in algi-
nate form a matrix similar to native human articular cartilage.
Am J Physiol 1996;271:C742e52.
34. Homicz MR, Chia SH, Schumacher BL, Masuda K, Thonar EJ,
Sah RL, et al. Human septal chondrocyte redifferentiation in
alginate, polyglycolic acid scaffold, and monolayer culture.
Laryngoscope 2003;113:25e32.
35. Domm C, Schunke M, Christesen K, Kurz B. Redifferentiation of
dedifferentiated bovine articular chondrocytes in alginate
culture under low oxygen tension. Osteoarthritis Cartilage
2002;10:13e22.
36. Qiao B, Padilla SR, Benya PD. Transforming growth factor
(TGF)-beta-activated kinase 1 mimics and mediates TGF-beta-
induced stimulation of type II collagen synthesis in chon-
drocytes independent of Col2a1 transcription and Smad3
signaling. J Biol Chem 2005;280:17562e71.
37. Schallmoser K, Rohde E, Reinisch A, Bartmann C, Thaler D,
Drexler C, et al. Rapid large-scale expansion of functional mesen-
chymal stem cells from unmanipulated bone marrow without
animal serum. Tissue Eng Part C Methods 2008;14:185e96.
38. Welting TJ, Caron MM, Emans PJ, Janssen MP, Sanen K,
Coolsen MM, et al. Inhibition of cyclooxygenase-2 impacts
chondrocyte hypertrophic differentiation during endochondral
ossiﬁcation. Eur Cell Mater 2011;22:420e36. discussion 436e7.
39. Farndale RW, Buttle DJ, Barrett AJ. Improved quantitation and
discrimination of sulphated glycosaminoglycans by use of
dimethylmethylene blue. Biochim Biophys Acta
1986;883:173e7.
40. Farndale RW, Sayers CA, Barrett AJ. A direct spectrophoto-
metric microassay for sulfated glycosaminoglycans in cartilage
cultures. Connect Tissue Res 1982;9:247e8.
41. Lefebvre V, Smits P. Transcriptional control of chondrocyte fate
and differentiation. Birth Defects Res C Embryo Today
2005;75:200e12.
42. de Haart M, Marijnissen WJ, van Osch GJ, Verhaar JA. Opti-
mization of chondrocyte expansion in culture. Effect of TGF
beta-2, bFGF and L-ascorbic acid on bovine articular chon-
drocytes. Acta Orthop Scand 1999;70:55e61.43. Bernstein P, Dong M, Corbeil D, Gelinsky M, Gunther KP,
Fickert S. Pellet culture elicits superior chondrogenic redif-
ferentiation than alginate-based systems. Biotechnol Prog
2009;25:1146e52.
44. Fu N, Drinnenberg I, Kelso J, Wu JR, Paabo S, Zeng R, et al.
Comparison of protein and mRNA expression evolution in
humans and chimpanzees. PloS One 2007;2:e216.
45. Haudenschild DR, Chen J, Pang N, Lotz MK, D’Lima DD. Rho
kinase-dependent activation of SOX9 in chondrocytes.
Arthritis Rheum 2010;62:191e200.
46. Sudbeck P, Scherer G. Two independent nuclear localization
signals are present in the DNA-binding high-mobility group
domains of SRY and SOX9. J Biol Chem 1997;272:27848e52.
47. Binette F, McQuaid DP, Haudenschild DR, Yaeger PC,
McPherson JM, Tubo R. Expression of a stable articular carti-
lage phenotype without evidence of hypertrophy by adult
human articular chondrocytes in vitro. J Orthop Res
1998;16:207e16.
48. Hirao M, Tamai N, Tsumaki N, Yoshikawa H, Myoui A. Oxygen
tension regulates chondrocyte differentiation and function
during endochondral ossiﬁcation. J Biol Chem
2006;281:31079e92.
49. Morita K, Miyamoto T, Fujita N, Kubota Y, Ito K, Takubo K, et al.
Reactive oxygen species induce chondrocyte hypertrophy in
endochondral ossiﬁcation. J Exp Med 2007;204:1613e23.
50. Zuscik MJ, Hilton MJ, Zhang X, Chen D, O’Keefe RJ. Regulation
of chondrogenesis and chondrocyte differentiation by stress.
J Clin Invest 2008;118:429e38.
51. Yang KG, Saris DB, Geuze RE, van Rijen MH, van der Helm YJ,
Verbout AJ, et al. Altered in vitro chondrogenic properties of
chondrocytes harvested from unaffected cartilage in osteoar-
thritic joints. Osteoarthritis Cartilage 2006;14:561e70.
52. Barry F, Boynton RE, Liu B, Murphy JM. Chondrogenic differ-
entiation of mesenchymal stem cells from bone marrow:
differentiation-dependent gene expression of matrix compo-
nents. Exp Cell Res 2001;268:189e200.
53. Cals FL, Hellingman CA, Koevoet W, Baatenburg de Jong RJ, van
Osch GJ. Effects of transforming growth factor-beta subtypes
on in vitro cartilage production and mineralization of human
bone marrow stromal-derived mesenchymal stem cells.
J Tissue Eng Regen Med 2012;6:68e76.
54. Mankin HJ, Dorfman H, Lippiello L, Zarins A. Biochemical and
metabolic abnormalities in articular cartilage from osteo-
arthritic human hips. II. Correlation of morphology with
biochemical and metabolic data. J Bone Joint Surg Am
1971;53:523e37.
55. O’Driscoll SW, Marx RG, Beaton DE, Miura Y, Gallay SH,
Fitzsimmons JS. Validation of a simple histo-
logicalehistochemical cartilage scoring system. Tissue Eng
2001;7:313e20.
56. Pritzker KP, Gay S, Jimenez SA, Ostergaard K, Pelletier JP,
Revell PA, et al. Osteoarthritis cartilage histopathology:
grading and staging. Osteoarthritis Cartilage 2006;14:13e29.
